By using the maximum likelihood method, we made a genomewide comparison of the evolutionary rates in the lineages leading to the laboratory strain (S288c) and a wild strain (YJM789) of Saccharomyces cerevisiae and found that genes in the laboratory strain tend to evolve faster than in the wild strain. The pattern of elevated evolution suggests that relaxation of selection intensity is the dominant underlying reason, which is consistent with recurrent bottlenecks in the S. cerevisiae laboratory strain population. Supporting this conclusion are the following observations: (i) the increases in nonsynonymous evolutionary rate occur for genes in all functional categories; (ii) most of the synonymous evolutionary rate increases in S288c occur in genes with strong codon usage bias; (iii) genes under stronger negative selection have a larger increase in nonsynonymous evolutionary rate; and (iv) more genes with adaptive evolution were detected in the laboratory strain, but they do not account for the majority of the increased evolution. The present discoveries suggest that experimental and possible industrial manipulations of the laboratory strain of yeast could have had a strong effect on the genetic makeup of this model organism. Furthermore, they imply an evolution of laboratory model organisms away from their wild counterparts, questioning the relevancy of the models especially when extensive laboratory cultivation has occurred. In addition, these results shed light on the evolution of livestock and crop species that have been under human domestication for years.
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model organism ͉ slightly deleterious mutation ͉ yeast evolution T he most commonly used Saccharomyces cerevisiae haploid in the laboratory, S288c, for which the whole genome sequence is known (1) , has Ϸ88% of its genome derived from a strain (EM93) isolated from a rotten fig Ϸ70 years ago (2) . The origin of EM93 before fig isolation is unclear. It could be a natural fig isolate or, rather, a contaminant derived from an industrial strain (2) . The domestication of S. cerevisiae therefore can be dated back to somewhere between 70 and several hundred years ago. Because of the short generation time of yeast, the experimental practices in the past several decades and the possible industrial manipulations could have left significant footprints on the evolution of the S288c strain. These activities can lead to peculiar evolutionary trajectories because frequent passages of the strains through severe bottlenecks, which may even reduce populations down to a single cell on account of common experimental practices, can result in a significant reduction in the effective population size and thus to fixation of mutations that would be too deleterious to become fixed under natural conditions. This process occurs because population genetics theory predicts that mutations with s Ͻ 1͞2N e , where s is the selection coefficient and N e is the effective population size, behave nearly neutrally (3) (4) (5) (6) (7) (8) . Indeed, increased evolutionary rates of individual genes due to population size reduction were recorded for diverse organisms such as endosymbiotic bacteria and island birds (9, 10) . Furthermore, in some cases more targeted evolutionary changes can occur as laboratory strains experience a loss of specific environmental selection pressure or adapt to the laboratory growth conditions. Specific laboratory adaptation for various organisms is described in refs. 11 and 12.
If such evolution did occur and formed a significant proportion of the evolutionary changes in the history leading to the laboratory strain, we would expect to see an accelerated evolution in this lineage. If relaxation of selection due to population size reduction is the most dominant factor, the increase in evolutionary rate should not be centralized on genes with specific function, because the changes of population structure should affect all genes under selection. Furthermore, this hypothesis would predict that genes under different selection pressure have different changes in evolutionary rate as the effective population size reduces. Conversely, increases in evolutionary rate due to adaptive evolution or relaxation of selection caused by loss of particular environmental selection pressure should only occur for some genes, those that are functionally relevant to the specific change. In this study, we tested these hypotheses by comparing the evolutionary rates (synonymous, nonsynonymous, and the ratio of the two) in the lineages to the laboratory strain (S288c) and a wild strain (YJM789) that was isolated from the lung of an AIDS patient (13) .
Shotgun sequencing of the YJM789 genome (L.M.S., T.J., L.D., M. Miranda, D. Bruno, C. Komp, M. Nguyen, R. Tamse, J. Wilhelmy, R.W. Hyman, and R.W.D., unpublished data) shows an average difference to S288c of (9.8 Ϯ 0.2) ϫ 10 Ϫ3 changes per synonymous site. YJM789 is a good candidate to compare with S288c, because it is not too divergent from the laboratory strain: The evolutionary changes accumulated because of laboratory and possible industrial manipulations therefore can constitute a significant part of the evolution between these two strains. Although the short separation time between the strains makes it statistically difficult to see the noteworthy effects of evolutionary forces, such as population-size reduction, on individual genes, the sequencing of the whole genome of YJM789 provides an opportunity to analyze evolutionary changes globally. By combining all genes in the genome, we can detect traces left by different evolutionary forces even if they have acted for a short time.
The genome sequence of Saccharomyces paradoxus, the closest sequenced species to S. cerevisiae (14) , was used as an outgroup in a phylogenetic analysis. Altogether, 4,020 genes with good alignment among the three organisms were analyzed. As predicted from the evolution of strains that experience passage through recurrent bottlenecks, a significantly higher evolutionary rate, at both the synonymous and nonsynonymous sites, was detected in the lineage to S288c than to YJM789, and the increase of nonsynonymous evolutionary rate was shown to occur for genes in all functional categories. By dividing genes into different groups based on their codon usage bias, we demonstrate that the increase of evolutionary rate at synonymous sites occurs mostly on genes with strong codon usage bias, whereas the increase of nonsynonymous evolutionary rate is higher for genes under stronger negative selection. Furthermore, adaptive evolution was detected for more genes in the laboratory strain than in YJM789; however, the faster evolution in the laboratory strain still exists even after excluding genes under positive selection. This finding implies that adaptive evolution is not the major reason for the observed evolutionary rate increase in the laboratory strain. From the shotgun assembly (Version 2, www-sequence.stanford.edu) only contigs with Ͼ10 synteny-defined orthologous genes between S288c and YJM789 were included in this study. The genome sequence of S. paradoxus was used as the outgroup in a phylogenetic analysis (Fig. 1) . Orthologous genes between S. cerevisiae (S288c) and S. paradoxus were defined by Kellis et al. (14) (www.broad.mit.edu͞annotation͞fungi͞compyeasts͞ downloads.html). The CLUSTALW alignments of the three-way orthologous proteins were verified individually by eye. Altogether 4,020 genes were included in the analysis. Coding DNA sequences were aligned based on the protein alignments.
Materials and Methods
Analysis of the evolutionary changes in each lineage was performed by using CODEML in the PAML package (15, 16) . The free ratio model was used in estimating the synonymous and nonsynonymous changes in each branch. Branch-Site Models (17) were used in detecting genes with positive evolution (see Results). Codon usage bias for each gene was estimated by using CODONW (www.molbiol.ox.ac.uk͞cu). For a gene, the smaller the effective number of codons (ENC), the stronger the codon usage bias (18) . The codon preference for each amino acid was defined as in ref. 19 .
To compare evolutionary rates in two branches for genes with different functions, we grouped genes based on the Gene Ontology system (www.geneontology.org). Within each category, evolutionary changes for individual genes were added together to estimate evolutionary rates for synonymous (K S ) and nonsynonymous (K A ) sites. The variance of the evolutionary rate ratios (or differences) between S288c and YJM789 were estimated by a bootstrap procedure (20) . If there are N genes in one category, the same number of genes was sampled with replacement within the category, and the ratio (or difference) of evolutionary rate was calculated. The variance was estimated by repeating the sampling 100 times. Student's t test was used in assessing whether the ratio of evolutionary rate between S288c and YJM789 was significantly larger than 1 (or Ͼ0 for the evolutionary rate difference).
To determine the evolutionary rate changes for genes under different selection pressures, we grouped the studied genes into categories based on their codon usage bias. The stronger the codon usage bias, the higher the negative selection pressure on a gene. This assumption is valid because evolutionary rates at nonsynonymous or synonymous sites or the ratio of the two are negatively related with gene codon usage bias (21) (22) (23) (24) (25) . To estimate the mean and variance of the evolutionary rate change between S288c and YJM789 within each ENC category, the same analysis described above for categories of gene function was performed. We report the results based on codon usage bias in S288c, but the same conclusions were reached when codon usage from orthologous genes in YJM789 or the average of S288c and YJM789 were used in the analysis. The number of categories also did not affect the conclusions (data not shown).
Excluding Genes from Different Genetic Backgrounds. Winzeler et al. (26) compared coding regions of S288c and EM93 by using Affymetrix microarrays, and polymorphisms were identified between these two strains. As performed by these authors, we clustered all polymorphic probes within 30-kb intervals and extended the boundaries of each cluster 10 kb to either side. Clusters with fewer than three polymorphic probes were dismissed. Genes located in these clusters (Ϸ16%) were regarded as genes in highly polymorphic regions between S288c and EM93. Because it was estimated that Ϸ12% of the S288c genomes is derived from genetic backgrounds other than EM93 (2), to be conservative we excluded all of the genes in these highly polymorphic regions. The same analyses as those for the whole genome were carried out for the remaining genes.
Results
Increased Evolutionary Rates in the Lineage to the Laboratory Strain (S288c). The maximum likelihood method was used to estimate the evolutionary changes in each branch. R, the evolutionary rate measured by the ratio of nonsynonymous (K A ) over synonymous (K S ) evolutionary rates, was calculated (Fig. 1) . We found that, as has been shown in other studies (27) (28) (29) (30) (31) (32) , R is larger for polymorphism than for divergence between species. For example, R is Ϸ2-fold larger in the S288 and YJM789 branches than in the S. paradoxus branch ( Table 1 ). The salient discovery for this comparison, however, is that at the genome level R is significantly larger in the lineage to S288c than to YJM789. As shown in Table 1 , when the evolutionary changes are added up for all studied genes, 21% (4400.5͞3631.4 ϭ 1.21) more nonsynonymous changes were detected in the S288c branch than in the YJM789 branch. Even after normalizing the nonsynonymous difference by the synonymous difference, a Ͼ15% (0.201͞ 0.174 ϭ 1.155) increase in the laboratory strain was detected. The difference is statistically significant by Fisher's exact test (P Ͻ 0.001). When the same analyses were performed separately on experimentally verified and unverified genes, similar patterns were observed (Table 5 , which is published as supporting information on the PNAS web site).
Previous study showed that Ϸ88% of the S288c genome was derived from a strain called EM93, whereas the rest of the genome originated from a mixture of other genetic backgrounds (2) . Genes derived from strains other than EM93 might interfere with identifying the real evolutionary changes in the lineage to the laboratory strain. To eliminate this effect, we excluded genes located in highly polymorphic regions between S288c and EM93. As shown in Table 1 , the difference in evolutionary rates between the two lineages based on the remaining 3,357 genes remains statistically significant. To exclude possible effects coming from different genetic backgrounds, we only used genes located outside of the highly polymorphic regions between S288c and EM93 in the following analyses.
Increased Evolutionary Rates Found for Genes in All Functional Categories. We investigated possible reasons for the evolutionary rate increase in the laboratory strain. If population-size reduction is the major underlying reason, the evolutionary rate should increase for all genes that experience negative selection regardless of their function. To test this prediction, the Gene Ontology system was used to group genes into different functional categories (33) . We then compared the evolutionary rate in the S288c and YJM789 branches within each functional category. As shown in Fig. 2 and Fig. 5 , which is published as supporting information on the PNAS web site, an increased evolutionary rate (R) in the laboratory strain was observed for all nine functional categories. The level of increase, however, was not identical for each group. For example, genes involved in transcriptional activity had the highest increase in evolutionary rate in the laboratory strain.
Greater Increase in Evolutionary Rates for Genes Under Stronger
Negative Selection. To determine whether the evolutionary rate increase varies for genes with different selection pressure we grouped genes into different categories based on their codon usage bias (ENC). Indeed, evolutionary rates at nonsynonymous or synonymous sites or the ratio of the two have been shown to be negatively related with gene codon usage bias (21) (22) (23) (24) (25) . Therefore, the more the codon usage bias for a gene, the stronger the negative selection pressure for that gene. Table 2 lists the number of increased evolutionary changes in S288c for each codon usage bias category. Of the increased synonymous changes in S228c, 76.3% (230.7 of 302.2) occurred in the first two categories (with strongest codon usage bias, P Ͻ Ͻ 0.001 for enrichment). This result cannot be explained by a mutation rate increase at the whole genome level or by more generations in the lineage to the laboratory strain, both of which would cause a uniform increase in K S for all groups. Conversely, population size reduction can cause this pattern because the synonymous sites for genes with strong codon usage bias are under negative selection. With decreasing population size, the selective pressure at the synonymous sites of these genes will be relaxed, and the evolutionary rate will increase.
As shown in Table 2 , the nonsynonymous evolutionary rate increase in S288c is also enriched in genes with strong codon usage bias [e.g., 46.4% (267.5͞576.7) of increased nonsynonymous changes in S228c occurred in the first two categories; P Ͻ 0.001 for enrichment]. When R (K A ͞K S ) was investigated, we observed the same pattern, namely that the increased evolutionary rate in the laboratory strain is highest for genes with the strongest negative selection and decreases as selection intensity on the genes, reflected here by the gene codon usage bias, decreases (Fig. 3) . The same trend also was observed when the difference instead of the ratio of the evolutionary rate between the S288c and YJM789 branches was investigated (Fig. 3 Inset) . Furthermore, gene groupings based on protein dispensability or R between the S288c͞YJM789 ancestor and S. paradoxus, instead of ENC, led to similar conclusions (data not shown). Interestingly, as population size reduces, relatively more deleterious mutations are expected to become nearly neutral for genes under stronger negative selection (Fig. 6 , which is published as supporting information on the PNAS web site), which is consistent with the above observations. In the left part of the table 4,020 genes were analyzed; in the right part 663 genes that locate in the highly polymorphic regions between S288c and EM93 were excluded. Fisher's exact test shows that the nonsynonymous evolutionary rate is significantly higher in S288c than in YJM789 for both groups of genes. *S and N represent the number of synonymous and nonsynonymous changes, respectively. K S and KA represent the number of synonymous and nonsynonymous changes per synonymous and nonsynonymous site, respectively.
Fig. 2.
Relative increase of evolutionary rate in the laboratory strain for genes in different functional categories. The groups were ordered by decreasing number of genes in each category. The x-axis represents the ratio of evolutionary rate (R ϭ K A/KS) in S288c to that in YJM789 (see Fig. 5 for the absolute increase in evolutionary rates in each functional category). *** , P Ͻ 0.001 by Student's t test for ratio Ͼ1. Genes in highly polymorphic regions between S288c and EM93 were excluded. Categories were defined as in Fig. 3 , shown in order of decreasing codon usage bias. The numbers are the difference in evolutionary changes between S288c and YJM789 branches (S288c Ϫ YJM789).
Adaptive Evolution Is Not the Major Reason for the Observed Evolu-
tionary Rate Increase in the Laboratory Strain. Adaptive evolution of S288c to the laboratory growth conditions also can be a candidate reason for the observed increase in evolutionary rate in this strain. To examine this possibility, we applied a maximum likelihood method for identifying genes with positive selection at the codon level from both lineages (18) . Two hypotheses were compared for either lineage by using the likelihood ratio test: the null hypothesis assuming neutral (K A ͞K S ϭ 1 or K A ͞K S Ͻ1) evolution for each codon site and the alternative hypothesis that allows some sites to evolve with K A Ͼ K S . Those genes with significantly higher likelihood for the alternative hypothesis were regarded as genes under positive selection. Table 3 lists the number of genes with evidence of adaptation under various statistical significance levels in either lineage. Although we always observed more genes with adaptive evolution in the lineage to S288c than to YJM789, we argue that adaptive evolution is not the major reason for the evolutionary rate increase in the laboratory strain for two reasons: First, we did not see more genes with evidence of adaptation than expected by random chance. For example, under P ϭ 0.05, 138 genes with positive signals were detected in S288c, whereas we expected to see 4,020 ϫ 0.05 ϭ 201 genes to pass this test by random chance. Second, the evolutionary rate difference between the two lineages was still highly significant even after excluding those genes with adaptive evolution; in the latter analysis the evolutionary rate in the S288c branch still stays Ϸ14% higher for the remaining genes (Table 6 , which is published as supporting information on the PNAS web site).
Discussion
Evolutionary rate (R) appears Ϸ15% faster in the laboratory strain S288c of yeast than in the wild strain YJM789. If this increase occurred because of laboratory and possible industrial manipulations, the actual rate of evolution in S288c during that period may be much higher because the observed results are averaged across the whole branch after the separation of S288c and YJM789 from their common ancestor. Several reasons, such as increased mutation rate, more generations, relaxation of The values in parentheses are after excluding genes in highly polymorphic regions between S288c and EM93.
selection pressure, and adaptive evolution in the laboratory lineage, can lead to elevated evolutionary rates (34, 35) . The first two reasons, i.e., increased mutation rate and more generations, cannot be the major underlying reasons because the evolutionary rate difference observed above for amino acid change was normalized by synonymous change. Furthermore, as shown in Table 2 , the slight increase in synonymous change in S288c occurs mostly on genes with strong codon usage bias, which is consistent with expectation from fixation of slightly deleterious mutations due to population size reduction.
A decrease in selection coefficients (s) also will lead to a relaxation of selection pressure. The evolutionary rate increase was observed for genes in all functional categories, which implies relaxation of selection due to reduction in population size (N e ) rather than selection coefficients (s), because the latter will likely occur on genes with specific functions. For the same reason we believe that adaptive evolution is not the major mechanism underlying the evolutionary rate increase in the laboratory strain. In addition, if all (or most) of the increased evolutionary rate in the laboratory strain were due to adaptive evolution, S288c should be more fit under laboratory growth conditions than YJM789. The data are not consistent with this expectation: YJM789 grows faster than S288c under laboratory growth conditions (36) .
Nevertheless, genes showing adaptive evolution in the laboratory strain can provide immediate, biologically meaningful hypotheses for further investigation. For example, YBR203W (COS111), a gene involved in the response to antifungal drugs (37), shows significant positive selection in the laboratory strain (P Ͻ Ͻ 0.001 by likelihood ratio test). Furthermore, it will be interesting to investigate the functional consequences of the adaptation detected in genes involved in transcription, 14 of which show adaptive evolution in S288c, whereas this number is only 3 in YJM789 (Fig. 4 , P Ͻ 0.05 by Fisher's exact test; see Tables 7 and 8 , which are published as supporting information on the PNAS web site, for the list of all genes with adaptive evolution in either lineage).
Increased evolutionary rates for individual genes as a result of population size reduction have been reported in various organisms (9, 10, 38) . Several studies showed that elevated evolutionary rates are usually accompanied by relaxation of codon usage bias (9, 38) . To see whether this is the case in our data, we further analyzed the direction of synonymous change in either lineage.
More changes from preferred to unpreferred codons would be expected in S288c if a relaxation of codon usage bias occurred. As shown in Table 4 , in the laboratory strain we observed a marginally higher rate of synonymous change from preferred to unpreferred codons for genes with strong codon usage bias. The reverse direction of synonymous change (unpreferred to preferred) is not significantly different between the S288c and YJM789 branches ( Table 4) .
The relaxation of selection intensity due to reduction of effective population size is expected to lead to increased evolutionary rate genome-wide. Adaptive evolution and directional relaxation of selection due to growth environment changes are expected to lead to evolutionary rate increase for specific genes. The observed increase in evolutionary rate in the laboratory strain might be caused by a mixture of these factors. The observed patterns are consistent with laboratory cultivation. The laboratory growth conditions are extremely different from the ones in the wild. Streaking and picking of single clones is common during yeast experimentation and leads to a severe reduction in the effective population size of the laboratory strain. It is thus likely that laboratory domestication contributes to the observations made in this study. Nevertheless, the mysterious origin of the laboratory strain S288c makes it currently difficult to prove that all of the observed evolutionary rate increase did occur in the laboratory. If laboratory cultivation and possible industrial domestication did cause the increased evolutionary rate, the results of this study, especially the greater increase in nonsynonymous evolutionary rate for genes under stronger negative selection, imply an evolution of laboratory model organisms away from their wild counterparts. This finding has implications for all laboratory model organisms, questioning the relevancy of the models especially when extensive laboratory cultivation has occurred. Because livestock and crop species domesticated by humans went through severe bottlenecks as well, the results here also shed light on the evolution of these organisms. 
